Meteorite samples that occur as fragments in Earth rocks are rare. There are only a few examples in the literature of which two are deep-sea drill core occurrences. One includes fragments of an achondrite, the Eltanin meteorite (1) . A feldspar from this material was so well preserved that it yielded a present 87 Sr/ 86 Sr ϭ 0.699013 Ϯ11, only slightly higher than the initial solar system value. The second is a 2.5-mm-size meteorite (2) from the Cretaceous-Tertiary (K-T) boundary layer of a North Pacific deep-sea drill core that resembles a carbonaceous chondrite and is interpreted as a remnant of the K-T impactor of 65 million years ago (3) . Ordinary chondrite remnants were also reported from carbonate rocks of southern Sweden, where the surviving mineral is believed to be chromite (4, 5) . This paper describes the discovery of chondritic meteorite fragments and metallic grains in the end-Permian strata at Graphite Peak, Central Transantarctic Mountains, Antarctica ( Fig. 1) and confirms a previous report of metallic grains from the end-Permian boundary in Meishan (6 ), southern China (Fig. 1) . It has been suggested (6 ) that the metallic grains from Meishan may have condensed from an impact-generated vapor cloud, although this suggestion is yet to gain acceptance.
Graphite Peak, Antarctica ( Fig. 1) , exposes a 550-m continuous section of the Buckley and Fremouw formations (7, 8) . The end-Permian beds are exposed over about 2 m and include the last Gondwana coal bed of end-Permian age, above a bed with the last occurrence of Glossopteris flora. Above the coal bed is a claystone breccia with anomalously low ␦ 13 C value (ϳ-40 ‰). Shocked quartz (8) and extraterrestrial fullerenes with trapped noble gases have been reported from this bed (9) . On the basis of paleobotanic and isotopic criteria, and shocked quartz grains, the claystone breccia ( Fig. 1 ) has been identified as the PermianTriassic (P-T) boundary in Antarctica (7, 8, 10) . This interpretation was also confirmed and extended by similar observations on P-T sections at Wybung Head, NSW, Australia (7, 10) , as well as by extraterrestrial fullerene evidence from China and Japan (11) . The aforementioned findings provided a strong rationale to undertake a thorough petrological-mineralogical study of the magnetic grains from some of these end-Permian sedimentary rocks. Specifically, high 3 He-bearing magnetic grains and their unique noble gas signatures (9) from the Graphite Peak P-T boundary needed to be fully evaluated in the context of a potential-impact tracer. These rock samples used in the previous study (9) were available in our laboratories. Therefore, we examined four samples of Graphite Peak claystone breccia at the P-T boundary [three of these are subsamples of no. 2060 from (8) , and one is no. 315 from (7)] and another claystone-shale sample [sample no. 2064 of (8)], ϳ0.8 m below the boundary layer (Fig. 1) . We also examined a sample of the reddish-black sediment layer believed to mark the end-Permian at Meishan, China (6, 12) , where Fe-Ni-Si grains were reported earlier from the same layer (6) .
We separated magnetic particles from these P-T boundary samples at Graphite Peak, Antarctica, and Meishan, China. The magnetic particles from Meishan are opaque and variable in size (20 to 200 m). The outlines of these grains are irregular, curved and subrounded ( Fig. 2A) and strongly resemble the so-called "native-iron nuggets" reported from the bedded chert layer of the Permo-Triassic section in Sasayama, Japan (13) . Most of the grains from our Meishan sample are compositionally similar to the FeNi-Si grains reported previously (6) from the base of bed 25 marking the end-Permian in the Meishan section. Our electron microprobe measurements (14) show that the grains are almost pure Fe (99 to 100%) with up to 0.20 weight % Ni, 0.60 weight % Cr, and 0.39 weight % Si.
The magnetic fraction from the claystone breccia at the P-T boundary of Graphite Peak consists of abundant opaque grains and rare aggregates of silicates and opaque minerals. Three types of opaque grains were identified in the Graphite Peak samples: (i) predominant Fe-rich metal nuggets, (ii) less abundant Fe,Ni,P,S-bearing oxides, and (iii) rare Fe,Ni-sulfides. The pure metal grains that are common in the Meishan boundary layer are also abundant (ϳ70%) among the Graphite Peak opaque grains (Fig. 2B ). These grains are similar but more diverse in composition Fig. 1 . Lithostratigraphy of the P-T boundary, as defined isotopically and paleobotanically (7, 8) in Graphite Peak near Beardmore Glacier, Central Transantarctic Mountains. This figure shows the relative positions of two samples of the meteoritic fragments containing claystone breccia, no. 2060 from the base and no. 315 from 23 cm above. The claystone breccia rests directly above the coal horizon with the last occurrence of Glossopteris (8) . Fullerenes containing extraterrestrial 3 He (9) along with shocked quartz grains and a negative shift in ␦ 13 C were reported (7, 8) earlier from the horizon containing these meteorite-bearing samples. Our discovery of the meteorite fragments in these rocks, along with previous evidence referred to above (7) (8) (9) , indicates that the claystone breccia is a rapidly redeposited unit, in part from distant impact fallouts.
than those in Meishan and range in Fe compositions up to 100%, with variable amounts of Ni (up to 0.16%), Cr (up to 12.48%), and Si (up to 2.62%). The common occurrence of Fe-Ni-Si grains at the Graphite Peak P-T boundary layer and at the P-T event stratigraphic layer (15, 16) in Meishan provides further evidence that we have sampled the P-T boundary at Graphite Peak. These "event-marker" magnetic grains occur only in the boundary layer and are absent in samples above and below, at Meishan (6). Our study of the magnetic fraction of the bed 0.8 m below the P-T boundary at Graphite Peak yielded only terrestrial Fe oxides and hydroxides, lacking Ni, S, and P.
In the magnetic fractions of the Graphite Peak samples no. 2060 and no. 315, we also found a number of particles enriched in silicate minerals. The results of our electron microprobe study of these particles (14 ) are summarized in Tables 1 and 2 and the supporting online material (tables S1 to S4 and figs. S1 and S2). All fragments display identical poikilitic or granular textures (Fig. 3 , A to D). They contain small euhedral-to-subhedral forsterite grains enclosed in larger grains of clinoenstatite, which shows clear polysynthetic twinning in one of the fragments (Fig. 3D) . The chemical compositions of forsterite and clinoenstatite ( Table 1) show low concentrations of FeO and relatively high Mn/Fe ratios. Such compositions do not occur in terrestrial olivines and pyroxenes and are indicative of an extraterrestrial origin. Forsterite has rather high concentrations of CaO and Cr 2 O 3 , characteristic of some chondritic meteorites (17 ) . Two minor silicate phases, Ca-rich clinopyroxene and Alrich mesostasis, usually occur as interstitial anhedral patches. The composition of mesostasis ( Table 1) varies from Ol-normative to An-normative and the low Na 2 O content is similar to those of type I chondrules. The Carich clinopyroxenes display a wide range of CaO content from pigeonite to subcalcic augite. As do forsterite and clinoenstatite, they have low FeO content and high Mn/Fe ratios up to ϳ2 in two grains of MnO-rich augites (Table  1) . We conclude that the magnetic silicate aggregates are meteorite fragments. A total of 20 such meteorite fragments have been identified in two of the subsamples of no. 2060 and several dozens of smaller meteorite fragments or mineral grains in no. 315 (see supporting online material, figs. S1 and S2).
The meteorite fragments contain abundant Fe-rich opaque phases, which make the whole fragments magnetic. The electron microprobe study revealed three major types of opaque phases: (i) Fe,Ni,P,S-bearing oxides, (ii) Fe,Ni,Co,P,Cr-bearing metal grains, and (iii) Fe,Ni-sulfides. The Fe, Ni,P,S-oxides (Fig. 3 , A to C) tend to form rounded blobs or irregular masses often interconnected by thin veins of the same material. In back-scattered and secondary electron images, these masses display highly irregular surfaces with numerous pits and caverns indicative of the polymineralic nature of these materials. The high concentrations of Ni, P, and S in their chemical compositions along with the low analytical totals ( Table 2) suggest that the Fe,Ni,P,Soxides are the polymineralic aggregates of Fe oxides or hydroxides, Fe,Ni sulfides, and Fe,Ni phosphides or -phosphates likely formed by weathering (in the meteorite parent body) of a primary metal-sulfide assemblage. The appearance and chemical compositions of these oxides are similar to (6) from the same boundary layer. These grains are also similar in appearance to the grains described from the Sasayama P-T boundary layer in Japan (13) . Seventy percent of these grains are almost pure Fe (98 to 100%); other metal constituents are Ni (0 to 0.2%), Cr (0 to 0.6%), and Si (0 to 0.39%). (B) The cross-polarized light photomicrograph shows some of the magnetically separated fragments from the P-T boundary layer clay breccia from Graphite Peak, Antarctica. The Fe-rich metal nuggets; Fe,Ni,P,S-bearing oxide grains; and rare Fe,Ni sulfide grains appear dark in this picture. A few silicate and silicate-metal aggregates, which we identified as meteoritic fragments (lower left, middle, and upper right), show characteristic interference colors. Table 1 . Chemical composition (averaged) of the silicates from meteoritic fragments discovered in the Graphite Peak P-T boundary layer [sample no. 2060 (8)], with 1 SD. Because of small grain size and uneven surface of the sections, only 29% of analyses yielded totals of 100 Ϯ 1 weight %, with the rest of the analyses totaling between 97.28 and 103.83 weight %. Therefore, all analyses are normalized to 100 weight %, and the average compositions of the oxides and the cations are shown with 1 SD. The analyses of mesostasis (devitrified interstitial glass typically found in chondrules) are of two representative points in the groundmass of a meteoritic fragment. For technical reasons, we did not measure concentrations of TiO 2 , which are typically below detection limit in olivine and low-Ca pyroxene of primitive chondrites (17 those of discrete Fe,Ni,P,S-oxide grains.
Compositionally and texturally similar Fe, Ni,P,S-bearing oxides have been described only in the CM-type chondrites (carbonaceous chondrites of the Mighei-type) (17 ) . The primary Fe,Ni,Co,P-bearing metal has survived only in tiny (typically less than 10 m), rounded (Fig. 3, A and B) to subhedral (Fig. 3C ) grains sealed in forsterite or clinoenstatite. The cosmic Fe/Ni and Co/Ni ratios in these metal grains ( Table 2) unequivocally point to meteoritic origin of the grains. Moreover, relatively high concentrations of P, Cr, and Si in these grains, as well as their appearance, are very similar to those in Mg-rich chondrules from the CM chondrites. Rare sulfide grains vary in composition from Ni-poor troilite to Ni-rich pentlandite ( Table 2) , with most of these grains having compositions of Ni-bearing pyrrhotite. Taken together, the mineralogy and mineral chemistry of silicates; metal; and Fe,Ni,P,S-bearing oxides point to an affinity of the meteoritic fragments to CM chondrites. In addition to the olivine-pyroxene-rich meteoritic fragments, there is another type of metal-silicate particle, which consists mainly of very fine-grained intergrowths of a Fe-rich silicate and Fe,Ni-bearing oxides and sulfides, with or without embedded crystal fragments of magnesian silicates (smaller particle in Fig. 3B ). The matrix consists mainly of intimate intergrowths of a Fe-rich phyllosilicate (SiO 2 ϭ 24.57, Al 2 O 3 ϭ 2.70, FeO ϭ 46.52, MgO ϭ 11.91, CaO ϭ 1.07); Fe,Ni,S,P-bearing oxides; and less abundant pentlandite. The compositions of the large forsterite (rectangular grain) and enstatite (lighter gray) crystal fragments are identical to those in the large particle. It appears that the small particle is also of meteoritic origin and may represent a fragment of matrix of a CM chondrite. A number of such small particles were found in the grain mount sections of Graphite Peak.
The fragments we have found are neither interplanetary dust particles (IDP) nor components of the micrometeorite flux. Silicate and metal fragments of modern IDPs are similar to CM chondrites, but they are commonly less than 25 m in size (18) (19) (20) (21) (22) . Moreover, the IDPs larger than 50 m in size are expected to be heavily altered by heating to Ͼ1000°C during atmospheric passage (18) . The micrometeorites are typically 100 to 400 m in size, and many are CM chondrites; thus, they overlap with the meteorite fragments from Graphite Peak. The meteorite fragments from Graphite Peak are unusually concentrated in the claystone breccia of Graphite Peak, but are absent from the bed 0.8 m below. Therefore, we conclude that the meteorite fragments from the claystone breccia of Graphite Peak are not part of the regular terrestrial influx of micrometeorites, but represent a separate event.
The meteorite fragments and the discrete Fe-rich metal grains are so well preserved that their preservation must be due to rather unusual circumstances. Great care was taken to prevent laboratory contamination of the samples examined in this study (23) , lending support to the natural preservation of these meteoritic fragments in the Antarctic environment. Remarkably fresh appearance of the meteorite fragments (e.g., Fig. 3 , A to D) may partly be due to our magnetic separation technique (supporting online material), which involved intense ultrasonification that may have removed surface alterations. Clearly, the Fe-rich metal particles found in the Meishan, Table 2 . Chemical composition (averaged) of opaque phases within the meteorite fragments from the Graphite Peak P-T boundary layer [sample no. 2060 of (8)]. First column, six metal grains of the meteoritic fragments, which totaled between 99 and 101 weight %; second column, 19 metal grains, including the previous 6 grains, with their totals normalized to 100 weight %. The averages in both columns are identical. Fe and Ni oxides include both meteoritic and "loose" grains (Fe,Ni,P,S-oxide grains); next are representative analyses of two sulfide grains, including one troilite, then Fe-Ni-sulfide grains.
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Oxides Sulfides Graphite Peak, and Sasayama samples (13) are not thermodynamically stable in the presence of liquid water, especially at the waterair interface. It appears that a rapid burial in a reducing sedimentary environment is necessary for the survival of metal grains. In the case of Graphite Peak, the presence of meteorite fragments and metal grains in a package of claystone breccia (Fig. 1) above the boundary and at least 25 cm thick indicates rapid burial. Subsequent preservation over millions of years may be attributed to the unique Antarctic environment. Forsterite and clinoenstatite are also thermodynamically unstable in an H 2 O-rich environment. These minerals might have been protected by the thick rims of matrix phyllosilicates as observed in the CM chondrite parent body that experienced a low-temperature aqueous alteration for tens of million years (17) . The causes for the survival of metallic grains and meteorite fragments in the P-T boundary sedimentary beds may not be revealed until these grains and meteorite fragments are studied in situ, that is embedded in their host sediments. The Fe-Ni-Si metal grains, reported here in association with the chondritic meteoritic fragments in Graphite Peak, are analogous to those found in the Meishan and Sasayama endPermian sections. At the end-Permian, Antarctica was close to its present position as the southernmost part of Pangaea; south China was at the equator; and Japan was to the north of the equator (24) . Such a wide paleogeographic distribution of the Fe-Ni-Si metal grains and their occurrence at the P-T boundary suggests that these grains mark a special event in Earth history and can be used for correlating the P-T boundary sections worldwide. The intimate association of the meteorite fragments with the Fe-Ni-Si grains at Graphite Peak provides further support for an impact-related origin of the Fe-Ni-Si grains as suggested by previous researchers (6, 9, 25) .
After the discovery of a large positive iridium anomaly [ϳ3 parts per billion (ppb)] at the K-T boundary caused by the impact of an extraterrestrial body (3), such an anomaly has become the standard test for an impact-related mass extinction event. Samples from the P-T boundary, including the samples studied here, do not exhibit such Ir anomalies [in general the highest values reported are Ͻ150 parts per trillion (ppt) (8) ]. The discovery of meteorite fragments in the Graphite Peak P-T boundary section suggests that the presence of an extraterrestrial component at the P-T boundary may not be accompanied by a large Ir anomaly. For example, if all the Ir in the P-T boundary rocks comes from the meteorite fragments only, then the calculated bulk Ir concentration in the claystone breccia will be only ϳ10 ppt, if one considers the mass of chondritic meteorite fragments (ϳ40 g) separated from 2 g of the Graphite Peak sample and assumes the chondritic Ir concentration of ϳ500 ppb in the fragments. If the whole magnetic fraction (ϳ1000 g) is derived from a P-T impactor, then this still would result in an Ir concentration of only 200 ppt. Both values are too low to yield a well-defined Ir anomaly. Inherently heterogeneous character of the claystone breccia in which the extraterrestrial components are found is also an important consideration. Thus, although Ir has been extremely useful for the K-T boundary because of its extreme concentration in a thin layer, it is clear from the evidence presented here that the lack of a large Ir anomaly does not rule out an extraterrestrial component at the P-T boundary.
The mass extinction at the end of the Permian is arguably the greatest in the history of life, when more than 90% of marine specieslevel extinctions occurred (26, 27) , with an equally devastating extinction for plants and animal life on land (28) . This coincides with the time of rapid outpouring of the largest known continental flood basalts in Siberia (29) (30) (31) . Detailed statistical and biostratigraphic analyses (12) in the best-preserved P-T sections in southern China demonstrated the extreme rapidity of this extinction and suggest a catastrophic impact. An extensive search for evidence of impact, such as shocked quartz and Ir anomalies as observed for the K-T bounday, in several P-T sections in Antarctica and Australia (8), did not resolve the issue of an impact at the P-T boundary. Becker et al. presented evidence for an impact using fullerenes with trapped extraterrestrial noble gases from P-T boundary sections of south China and Japan, as well as Graphite Peak, Antarctica (9, 11, 25) . The fullerene evidence has been challenged (32) , and all other potential indicators have been largely ignored (33) because of the low abundances of these tracers (shocked quartz, iridium) in comparison to the K-T boundary, or that the tracer [e.g., Fe-Ni-Si grains in (6)] was considered equivocal because the results did not point directly to an extraterrestrial cause.
The association of discrete metal grains with meteoritic fragments at Graphite Peak P-T boundary as described above, taken together with previous reports of fullerene (9) and shocked quartz grains (8) in the same sample, and the reported occurrence of such metal grains from other P-T localities constitute new criteria for future investigations of the P-T and other boundary layers throughout the geologic record. These observations lead us to believe that continued research on such materials from additional P-T boundary samples will finally lead to a resolution of the long-sought (34) and contentious (32, 33) issue of a catastrophic collision of a celestial body with the Earth at the end-Permian. In light of the new evidence presented here, this is a reasonable interpretation of the global extinction event at the P-T boundary.
Thus, it appears to us that the two largest mass extinctions in Earth history at the K-T (2, 35) and P-T boundaries were both caused by catastrophic collisions with chondritic meteoroids.
stone breccia from G. Retallack's laboratory. We extracted the magnetic fragments in two separate experiments at Rochester-one for each subsample received. Thus, we repeated our separation twice and in each case we mounted the magnetic fragments on separate glass slides that were later analyzed. From our electron microprobe analyses, the same type of meteorite fragments and the metal nuggets were identified in both subsamples. An important observation is the presence of metal grains in association with the meteorite fragments in the Antarctic samples. These metal grains are neither meteoritic nor are they found in any terrestrial rocks, except that similar metal grains are also found in the P-T boundary at Meishan in China. Most of these metal grains also have compositions that are clearly different from metals used in laboratory tools that may have come in contact with the samples. Also, other similar samples that were not from the P-T boundary but were separated in the same laboratory at the same time did not show these metal particles or meteoritic fragments. Thus, we conclude that it is improbable that the Antarctic P-T sample was contaminated with these metal grains and meteorite fragments.
